We report a unique case of dual-genotype oligoastrocytoma characterized by IDH2 gene mutation. The tumor was resected from the temporal lobe of a 25-year-old man. At histological examination with hematoxylin and eosin stain, it showed distinct oligodendroglial and astrocytic areas. The former retained alpha-thalassaemia/ mental retardation X-linked (ATRX) immuno-expression and had absent staining for p53, while the latter had ATRX loss and p53 over-expression. Molecular analyses were separately assessed in the 2 tumor components. Gene sequencing disclosed IDH2 mutation in both, whereas oligodendroglial, but not astrocytic areas, had 1p/19q codeletion and telomerase reverse transcriptase promoter mutation. Distinction of dual-genotype oligoastrocytoma from oligodendroglioma and astrocytoma might be clinically relevant for prognosis and therapy. Because most studies that investigated the molecular phenotype of oligoastrocytomas have focused on IDH1 R132H mutated cases, we suggest further analyses on diffuse gliomas with heterogeneous (astrocytic and oligodendroglial) morphology before oligoastrocytoma is dismissed as a distinct nosological entity.
INTRODUCTION
In the fourth edition of the World Health Organization (WHO) Classification of Tumours of the Central Nervous System, oligoastrocytoma was listed as a separate entity among the diffuse gliomas (1) . In particular, it was defined as "a diffusely infiltrating glioma composed of a conspicuous mixture of 2 distinct neoplastic cell types morphologically resembling the tumor cells of oligodendroglioma or diffuse astrocytoma" (1) . Thereafter, several studies showed that nearly all oligoastrocytomas are monoclonal tumors and that they can be classified as astrocytoma or oligodendroglioma on their biomolecular profile (2) (3) (4) (5) . In detail, oligoastrocytomas with mutations in isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) genes and combined whole-arm losses of 1p and 19q (1p/19q codeletion) can be classified as oligodendrogliomas, while those with mutations in IDH1/IDH2, alpha-thalassaemia/mental retardation X-linked (ATRX) and P53 genes can be categorized as astrocytomas (2) (3) (4) (5) . For this reason, the most recent update of WHO classification states that the histopathological diagnosis of oligoastrocytoma should be reserved to tumors with ambiguous morphology when diagnostic molecular testing cannot be performed (so-called oligoastrocytoma not otherwise specified) or in the very rare instance of a dual-genotype oligoastrocytoma (6) .
Herein we describe a case of low-grade diffuse glioma composed of distinct areas with astrocytic and oligodendroglial morphology and that had different molecular signature. This case demonstrates that oligoastrocytoma is not just a tumor with ambiguous histology, but a rare neoplasia that represents a distinct nosological entity.
MATERIALS AND METHODS
Clinical history was obtained from retrospective review of the medical records. The whole surgical specimen was formalin-fixed and paraffin-embedded for histological examination. Four micrometer consecutive sections were cut from the paraffin blocks for microscopic examination with hematoxylin and eosin (H&E) stain, immunohistochemistry and fluorescent in situ hybridization (FISH) analysis.
Through histological examination and immunohistochemistry, we identified tumor fragments with different morphology and immuno-phenotype (Fig. 1) . Those fragments were dissected and collected separately for IDH1 and IDH2 sequencing and for telomerase reverse transcriptase (TERT) promoter mutational analysis. Similarly, 1p/19q FISH analysis was performed separately in areas with different morphology and immuno-phenotype.
Immunohistochemistry
Immunohistochemistry was performed using an auto- Tumor fragments were considered to be deleted when the final ratio was <0.8; a target-to-reference probe signal ratio >0.8 indicated no allelic loss of target locus.
Molecular Analyses
Fragments with differential expression of nuclear ATRX were preliminarily identified and marked in the ATRX immunostained slide (Fig. 2) . Thereafter, 5-mm-thick serial sections of those fragments were cut from the corresponding paraffin block, put on uncoated slides and separately dissected and collected in different tubes. Genomic DNA from each area was isolated for molecular analyses using the QIAamp DNA Mini Kit (Qiagen, Venlo, The Netherlands). All areas had at least 80% cellularity.
IDH1, IDH2, and TERT were amplified by PCR and both strands were sequenced using the ABI PRISM 3500 Genetic Analyzer (Applied Biosystems). PCR conditions for IDH1 and IDH2 were as follows: 1) initial denaturation step at 95 C for 5 minutes; 2) 40 cycles at 95 C/30 seconds, 58 C/30 seconds, and 72 C/30 seconds; and 3) a final step at 72 C/5 minutes. We used the following primers: IDH1-F CCATCACTGCAGTTGTAGGTT; IDH1-R GCAAAAT CACATTATTGCCAAC; IDH2-F TGCAGTGGGACCACT ATTATC; IDH2-R GTGCCCAGGTCAGTGGAT. PCR conditions for TERT were as follows: 1) initial denaturation step at 95 C for 10 minutes; 2) 35 cycles at 95 C/30 seconds, 60 C/30 seconds, and 72 C/1 minute; and 3) a final step at 72 C/7 minutes. We used the following primers: TERT-F GTCCTGCCCCTTCACCTT and TERT-R GCACCTCGCGG TAGTGG.
RESULTS
A 25-year-old man referred to our hospital because of vomiting and headache persisting for 1 week. Past clinical history was unremarkable and it was negative for brain irradiation. There was no significant family history of brain tumors or other cancers, and there were no stigmata of neurofibromatosis or enchondromatosis present.
Magnetic resonance imaging showed an infiltrating lesion in the right temporal lobe. The lesion was hypointense in T1 and hyperintense in T2 weighted images and it was not contrast-enhanced (Fig. 1) . The radiological findings suggested low-grade glioma. The patient was submitted to craniotomy for surgical removal of the lesion and post-surgical RMI demonstrated complete surgical resection of the tumor.
Surgical specimen consisted of several tissue fragments that were entirely paraffin embedded for histological examination. Microscopic evaluation with H&E stain revealed a glial tumor with low cellularity and mainly composed of cells with ovoid nuclei and mild nuclear atypia (astrocytic morphology) ( Fig. 2A) . However, some fragments had a different morphology and showed monotonous neoplastic cells with round, hyperchormatic, nuclei, and clear cytoplasmic halo and thin vessels with chicken-wire pattern (oligodendroglial morphology) (Fig. 2D) .
GFAP was diffusely expressed in the areas with astrocytic morphology, whereas it was overall negative in the fragments with oligodendroglial morphology. No immunohistochemical staining for IDH1 R132H was found in both the astrocytic and oligodendroglial components. However, ATRX and p53 immunostaining was different in the areas with astrocytic and oligodendroglial morphology. Indeed, the former were positive for p53 and negative for ATRX (Fig. 2B, C) , while the latter were negative for p53 and positive for ATRX (Fig. 2E,  F) . FISH analyses correlated with ATRX expression. Specifically, in the areas which retained ATRX expression, 1p/1q and 19q/19p ratios were 0.54, and 0.55, which corresponds to 1p/19q codeletion (Fig. 2) ; on the other hand, in the areas with ATRX loss, 1p/1q was 0.89 and 19q/19p was 0.9, which indicates absence of 1p/19 codeletion (Fig. 3) .
Molecular analysis of IDH1/IDH2 genes revealed IDH2 gene mutation c.515G>T (p.Arg172Met) at codon 172 in both oligodendroglial and astrocytic areas. Molecular analysis of TERT promoter showed 124C>T (C228T) mutation in the oligondendroglial areas, and absence of mutation in the 
Dual-Genotype Oligoastrocytoma astrocytic component. Proliferative index assessed through Ki-67 staining was 2% in both astrocytic and oligodendroglial areas. No tumor recurrence was documented after 4 months follow-up.
DISCUSSION
In this study, we report on a case of so-called "oligoastrocytoma dual-genotype," that is a diffuse glioma with distinct areas (mostly confined in different fragments) showing morphology and molecular signature of oligodendroglioma and astrocytoma. Interestingly, this case was resected from the temporal lobe of a male patient, similarly to 3 previous cases of dual-genotype oligoastrocytoma (7-9) (Table) ; however, further reports on this entity are needed to clarify whether the association with male sex and temporal location is coincidental or not. Differently from previously reported dual-genotype oligoastrocytomas (7, 8) , ours was characterized by IDH2 and not by IDH1 gene mutation (Table) . In gliomas, IDH2 mutations are rare as compared with IDH1 mutations, and they are mainly found in tumors with oligodendroglial morphology (10) (11) (12) . In particular, IDH2 gene mutation c.515G>T, which was detected in this case, is found in only 0.8%-1.8% of gliomas (12) . In our case, demonstration of the same IDH2 mutation in astrocytic and oligodendroglial areas suggests common clonal origin and successive differentiation into 2 distinct subclones, one characterized by 1p/19q codeletion and the other by ATRX loss and p53 mutation. This supports the hypothesis that IDH mutation is an early event in gliomagenesis (2). Then, 3 possible scenarios may happen: 1) acquisition of ATRX and p53 mutations and development of astrocytoma; 2) 1p/19q codeletion and origin of oligodendroglioma; 3) splitting into 2 subclones, one acquiring ATRX and p53 mutations and one 1p/19q codeletion, and creation of oligodendroglial-astrocytic tumor (oligoastrocytoma), as in the present case.
Interestingly, IDH2 somatic mutations were found in patients with enchondormatosis (Oliier-Maffucci syndrome) (13) and anaplastic astrocytoma was reported in a patient with enchondromatosis and IDH2 R172S mutation (14) . Our patient had no clinical signs of enchondromatosis. However, the possibility of enchondromatosis due to constitutional mosaicism for IDH2 p.R172M mutation cannot be excluded, and that this tumor actually represents a collision of two separate gliomas due to this possible underlying glioma predisposition syndrome remains an alternative explanation for the findings.
Wang et al (15) recently described low incidence (2.2%) of IDH2 gene mutations a in large series of diffuse gliomas (15) . Interestingly, none of their IDH2 mutated cases had P53 or ATRX mutations (15) ; for this reason, they suggested that microenvironment in IDH2-mutated gliomas may not favor the development of other mutations (15) . However, we do not agree with this assumption for several reasons. First, P53 mutation was previously reported in IDH2 mutated anaplastic astrocytoma (14) . In addition, ATRX mutational analysis was not available in the majority of IDH2 mutant cases (13/18) (15) . Finally, 10 out of the 18 IDH2-mutated gliomas in that series had ambiguous morphology and were classified as oligoastrocytomas FIGURE 2. Areas with astrocytic morphology were composed of neoplastic cells with oval nuclei and mild nuclear atypia (A) (H&E stain; original magnification, Â200); they showed ATRX nuclear loss (B) (ATRX stain; original magnification, Â200) and p53 over-expression (C) (p53 stain; original magnification, Â200). Areas with oligodendroglial morphology were composed of cells with uniform round nuclei (D) (H&E stain; original magnification, Â200) that retained ATRX nuclear expression (E) (ATRX stain; original magnification, Â200) and were negative for p53 (F) (p53 stain; original magnification, Â200).
(15). However, whether P53 and ATRX analyses had been carried out separately in the 2 morphological components it is not specified (15) . Therefore, we cannot exclude that accurate and specific investigation of the astrocytoma-like and oligodendroglioma-like areas in those tumors may lead to results equivalent to those found in the present case.
Since virtually all 1p/19q codeleted tumors (oligodendrogliomas) exhibit TERT promoter mutation, while only IDH wild type, usually high-grade, astrocytic tumors have such genetic alteration (16), we analyzed also TERT promoter mutation in our case. As expected for dual-genotype diffuse glioma, we observed TERT promoter mutation in oligodendroglial, but not in astrocytic areas. Noteworthy, TERT promoter mutation had been previously analyzed in only 1 case of dual-genotype oligoastrocytoma (Table) ; in that case, TERT promoter mutation was at highest levels in the oligodendroglial region, absent in the astrocytic region, and at intermediate levels in the mixed region (7). The most recent update of WHO classification (6) strongly discourages the histopathological diagnosis of oligoastrocytoma, due to the evidence that nearly all oligoastrocytomas can be categorized as astrocytomas or oligodendrogliomas on their biomolecular profile (3, 17) . However, the present case and other previous rare cases of dual-genotype oligoastrocytoma (7) (8) (9) suggest that further studies are needed before the concept of oligoastrocytoma is definitively abandoned. In addition, we believe that the incidence of dual-genotype oligoastrocytoma might be currently underestimated. Indeed most studies on oligoastrocytoma were focused on morphologically ambiguous tumors with positive immunohistochemical staining for IDH1 R132H mutant protein (3, 5, 8) . However, diffuse gliomas may also have other IDH1 mutations not detectable through immunohistochemistry and IDH2 mutations (12) , as in the present case. In addition, a recent study demonstrated that more than a half of IDH2 mutations are found in gliomas with morphological features of oligoastrocytoma (15) . Underrating of dual-genotype oligoastrocytoma might also depend on sampling biases. Indeed, in our case we did not observe tumor regions with admixed oligodendroglial and astrocytic neoplastic cells. Hence, it might happen that one of the components of a dual-genotype oligoastrocytoma is missed because of incomplete surgical removal or due to partial histological examination of the tumor. Finally, immunohistochemistry and molecular analyses are usually performed on only one tumor block in routine practice. Therefore, if ATRX immunohistochemistry-that predicts 1p/19q codeletion with higher accuracy than morphology-is performed on a slide containing only tumor fragments with homogeneous histological aspect, dual-genotype oligoastrocytoma might not be recognized.
In conclusion, in this study we reported a unique IDH2 mutant dual-genotype oligoastrocytoma. Although further studies are warranted to clarify the biological behavior of this entity, we believe that the identification of an oligodendroglial, 1p/19q codeleted, component in an otherwise diffuse astrocytoma may be clinically relevant. Indeed, it is well known that 1p/19q codeletion is associated with longer overall survival (15) and with response to chemotherapy in patients with diffuse gliomas. On the other hand, demonstration of an astrocytic component in an otherwise oligodendroglial neoplasia may be predictive of higher recurrence risk (8) . In the present case, clear distinction of astrocytic and oligodendroglial areas observed on H&E slides was possible by using ATRX staining. Indeed ATRX loss was found in the former, but not in the latter. Therefore, we suggest evaluating ATRX expression in all the histological slides of tumors with heterogeneous astrocytic and oligodendroglial morphology in order to identify tumor fragments to submit to following molecular analyses.
Finally, in our opinion, more extensive studies including IDH1/IDH2 and TERT promoter sequencing are warranted in morphologically heterogeneous tumors before definitely dismissing oligoastrocytoma as a distinct entity.
